Changes in blood–retinal barrier permeability in form deprivation myopia in tree shrews  by Kitaya, Norihiko et al.
Vision Research 40 (2000) 2369–2377
Changes in blood–retinal barrier permeability in form deprivation
myopia in tree shrews
Norihiko Kitaya a,*, Satoshi Ishiko a, Tohru Abiko a, Fumihiko Mori a,
Hiroyuki Kagokawa a, Mitsuru Kojima b, Keiji Saito c, Akitoshi Yoshida a
a Department of Ophthalmology, Asahikawa Medical College, 4–5 Nishikagura, Asahikawa 078, Japan
b Department of Statistics, Sapporo Medical Uni6ersity, Nishi-16, Minami-1, Cyuo-ku, Sapporo 060, Japan
c CSK Research Park Inc., 6598 Toyota, Suwa, Nagano 392, Japan
Received 16 March 1998; received in revised form 16 July 1999
Abstract
To study the correlation between blood–retinal barrier (BRB) permeability and development of form deprivation (FD) myopia,
FD was induced in tree shrews. The refractive error and the axial dimensions of the optical elements were measured. Ocular
fluorescence was measured before and after fluorescein-Na injection. The inward permeability (Pin) of the BRB was measured
before and 15, 30, and 45 days after FD was induced. FD eyes became significantly myopic 15 days after FD was induced
(PB0.01), and myopia progressed 45 days after FD was induced compared with untreated controls. Neither anterior chamber
length nor lens thickness changed significantly. The vitreous chamber in FD eyes, however, was significantly elongated from 15
days after FD was induced (PB0.01) compared with controls. The Pin ratio (Pin [FD eye]:Pin [untreated control]), increased
significantly 45 days after FD was induced (PB0.05). In FD myopia in tree shrews, the BRB permeability increases abnormally.
Impaired BRB function might be a secondary effect of myopia development rather than the cause of myopia. © 2000 Elsevier
Science Ltd. All rights reserved.
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1. Background
Myopia is one of the most common ocular diseases,
and the progression of myopia can lead to severe ocular
abnormalities. Myopic chorioretinal atrophy with ex-
cessive axial elongation is one of the main factors
leading to visual impairment in high myopia (Curtin,
1985). To establish the precise etiology of myopia,
numerous studies have been performed in experimental
animals such as chicks (e.g. Wallman, Turkel & Tracht-
man, 1978; Stone, Lin & Laties, 1991; Rada & Brenza,
1995; Schaeffel, Bartmann, Hagel & Zrenner, 1995;
Troilo, Li, Glasser & Howland, 1995), monkeys (e.g.
Wiesel & Raviola, 1977; Raviola & Wiesel, 1985; Smith,
Harwerth, Crawford & von Noorden, 1987; Yoshida,
Ishiko, Kojima & Hosaka, 1990; Iuvone, Tigges, Stone,
Lambert & Laties, 1991; Troilo & Judge, 1993), and
tree shrews (e.g. Norton, Casagrande & Sherman, 1977;
Marsh-Tootle & Norton, 1989; Norton, 1990; McBrien
& Norton, 1992; Norton, Essinger & McBrien, 1994).
Although numerous studies have reported retinal (e.g.
Iuvone, Tigges, Fernandes & Tigges, 1989; Iuvone et
al., 1991; Stone et al., 1991; Weiss & Schaeffel, 1993;
Schaeffel et al., 1995) and scleral changes (e.g. Wall-
man, 1990; McBrien & Norton, 1994; Rada, Matthews
& Brenza, 1994; Norton & Rada, 1995; Rada &
Brenza, 1995; Guggenheim & McBrien, 1996), little is
known about the blood-retinal barrier (BRB), which
regulates the movement of substances in and out of the
interior of the eye.
Using vitreous fluorophotometry (VFP), we previ-
ously reported that the inward permeability (Pin) of the
BRB increased as the degree of myopia increased in
human eyes (Yoshida & Hosaka, 1986). However, fol-
lowing patients from the onset of myopia in clinical
studies is difficult. Therefore, to investigate the relation-
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ship between ocular structural and BRB changes in
myopia, we previously induced myopia by eyelid sutur-
ing in monkeys. In these eyes, the Pin increased signifi-
cantly when the myopic changes were significant and
increased with myopic progression (Yoshida et al.,
1990; Ishiko, Yoshida & Hosaka, 1991). However, we
were unable to clarify whether the BRB changes cause
or result from myopia development, because the inter-
val of time between measurements was too long to
determine a correlation.
We recently used tree shrews to study experimental
myopia (Kitaya, Ishiko, Abiko, Mori, Kagokawa, Na-
gaoka et al., 1997; Ishiko, Yoshida, Kitaya, Abiko,
Mori, Kagokawa et al., 1997). Tree shrews, diurnal
mammals closely related to primates (Luckett, 1980),
mature rapidly and have a well-developed visual system
(Norton, 1990), which makes them useful for such
studies. Like monkeys, their eyes are similar to humans,
and like chicks, it is possible to induce experimental
myopia in a short time (Norton et al., 1977, 1994;
Marsh-Tootle & Norton, 1989; Norton, 1990; McBrien
& Norton, 1992, 1994; Norton & Rada, 1995; Phillips
& McBrien, 1995).
The purpose of this study was to investigate the
correlation between the BRB function and myopia de-
velopment in tree shrews. To evaluate BRB function,
we used VFP and a computer simulation method as
previously described (Yoshida & Hosaka, 1986; Ko-
jima, Yoshida, Ishiko & Tanaka, 1990; Yoshida et al.,
1990; Ishiko et al., 1991; Yoshida, Ishiko, Kojima, &
Lipsky, 1992; Yoshida, Ishiko & Kojima, 1996).
2. Materials and methods
2.1. Experimental myopia
Ten tree shrews (five males, five females) were bred in
CSK Research Park in Nagano Prefecture, Japan, and
raised in the animal facilities of Asahikawa Medical
College. The tree shrews were exposed to cyclic fluores-
cent lighting (12 h on: 12 h off), with an illumination
range of 150–350 lux while the lights were on. The
temperature was maintained at 23°C. The care and use
of the animals adhered to the ARVO Resolution on the
Use of Animals in Ophthalmic and Vision Research.
When the animals reached the age of 49–63 days,
they were anesthetized with an intramuscular injection
of ketamine hydrochloride (33 mg:kg) and an intra-ab-
dominal injection of pentobarbital sodium (20 mg:kg)
that were supplemented with atropine sulfate (0.5 mg:
kg). We chose animals in this age range because this is
when tree shrews are most susceptible to ocular struc-
tural changes associated with FD (McBrien & Norton,
1992). Body temperature was maintained at 37°C with
a heating pad, and heart rate and respiration were
constantly checked. Form deprivation (FD) myopia
was induced using a goggle-mounted, (Siegwart & Nor-
ton, 1994) opaque contact lens to cover one randomly
selected eye; the other goggle had an empty frame
(untreated fellow eye). The animals were checked twice
daily to confirm that the goggle remained in place.
2.2. Measurement techniques
Bilateral refractive and VFP measurements were per-
formed before FD was induced. These measurements
were repeated 15, 30, and 45 days after FD treatment
was initiated. Maximal mydriasis and cycloplegia were
induced with drops of 0.5% tropicamide, 5%
phenylephrine, and 1% ophthalmic atropine sulfate ad-
ministered to each eye 1 h before the start of the
measurements. We used atropine to produce cyclople-
gia to compare the results obtained in previously pub-
lished studies (McBrien & Norton, 1992, 1994; Norton
et al., 1994; Cottriall & McBrien, 1996; Guggenheim &
McBrien, 1996). General anesthesia was induced as
described previously.
Optical refractions were measured along both the
horizontal and vertical meridians using a refractometer
(Zeiss Jena, Jena, Germany) modified with a 20-
diopter extension lens (Norton & McBrien, 1992). We
used linear regression as previously reported to calcu-
late the expected refraction values for model eyes with
the additional lens (Ishiko, Yoshida, Kitaya, Mori,
Abiko & Saito, 1996b):
correction value3.38x33.76,
where x is the value measured by refractometer. After
calculating the correction value, the small eye effect
(Glickstein & Millodot, 1970) also was calculated using
the formula of Norton and McBrien (1992). Horizontal
and vertical measures were averaged to obtain the
spherical equivalent refraction, and the average of the
six measurements was used.
Axial dimensions of the optical elements were mea-
sured using our modified A-mode ultrasonography
(Wallman & Adams, 1987b), which consisted of a 15-
MHz ultrasound transducer driven by a 5052 pulsar:re-
ceiver (Panametrics, Waltham, MA), and coupled
through a 0.9% saline-filled, cone-shaped, 14-mm piece
of plexiglass so that the saline column was in contact
with the anesthetized cornea without applanation. Lo-
cal anesthesia was induced using 0.4% oxybuprocaine
hydrochloride. Echoes from the pulser:receiver passed
through a preamplifier (Accu-Tron Inc., Model 3080)
into an oscilloscope (Tektronix Inc., Beaverton, OR).
Each waveform was the average of eight signal wave-
forms produced by pulses presented within a few mil-
liseconds. Time measurements between ocular surfaces
could be made to a resolution of 25 ns. To convert time
to distance, we used previously published values of
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1557.5 m:s for the anterior segment (Marsh-Tootle &
Norton, 1989), 1540 m:s for the vitreous (Coleman,
Lizzi & Jack, 1977), and 1723 m:s for the lens (Norton
& McBrien, 1992). The data were analyzed by an IBM
PCXT computer using a waveform analysis package
(TAMS, Tektronix Inc.). The average of the six mea-
surements was determined. Care was taken to ensure
correct alignment of the optical axis of the tree shrews
during the refractive and ultrasonography measure-
ments. Corneal curvature was measured using a pho-
tokeratoscope (PK-1000, Sun Contact, Kyoto, Japan).
Four reading points were taken in both the horizontal
and vertical corneal meridians and analyzed by an
analysis system (SPK-1000, Sun Contact); the horizon-
tal and vertical measures were averaged.
2.3. BRB permeability measurement
VFP was performed using a fluorophotometer (Fluo-
rotron Master FM-2, OcuMetrics Inc., Palo, Alto, CA)
equipped with a specially designed small animal adapter
(OcuMetrics Inc.). The length of the measurement area,
the focal diamond, of this fluorophotometer is 466 mm
(Ishiko, Yoshida, Kitaya, Abiko, Mori, Kado et al.,
1996a; Kado, Ishiko, Yoshida, Kitaya, Abiko, Mori et
al., 1996). Following the pre-injection scan (baseline
measurement), fluorescein-Na (Fluorescite, Alcon, Fort
Worth, TX), 2 mg:kg body weight, was injected intra-
venously. Thirty minutes after injection, a post-injec-
tion scan was performed. A fundus examination and
fluorescein fundus angiography were also performed
using a fundus camera designed for small animals
(Genesis, Kowa, Tokyo, Japan) before and after
fluorescein-Na injection, respectively. To determine the
concentration of free fluorescein (PUF) in the plasma,
i.e. not bound to protein, blood samples were taken
from the femoral vein 5 and 35 min after fluorescein
injection. The PUF was also measured with the
fluorophotometer adapted for plasma measurement
(Ishiko et al., 1996a).
2.4. Estimation of BRB permeability
To estimate the permeability of the BRB in tree
shrew eyes, we revised the computer simulation meth-
ods that we previously used in monkeys (Yoshida et al,
1990, 1992, 1996; Ishiko et al., 1991). In the present
investigation of BRB permeability, we used four
parameters for the ocular model: the inward permeabil-
ity (Pin) and outward permeability (Pout) of the BRB,
the diffusion coefficient in the posterior vitreous gel
(Dp), and the plasma fluorescein concentration. Briefly,
the eyeball is divided into anterior and posterior seg-
ments (Fig. 1a), the posterior segment of which is
assumed to be an ellipsoid. The length of the axis
changes in accord with the actual length of the vitreous
cavity, which was measured by A-mode ultrasonogra-
phy. The eye was divided into a series of six concentric
thin-shelled compartments. The equivalent model for
the monkey comprised eight compartments. The thick-
ness of each shell compartment is 0.3 mm in tree shrew
eyes compared with 0.8 mm in monkey eyes. Assuming
that fluorescein in the vitreous moves radially by diffu-
sion only, the fluorescein concentration in the compart-
ment (Cv) is expressed by the following equations based
on Fick’s law:
(1) rR :
Cv (R,t)Cv (R, tDt)
{[PinCp (t)PoutCv (R, tDt ]
S (R)DtMRDt}:V(R) (1)
(2) rBR :
Fig. 1. (a) Schematic illustration of the simulation model. The length
of the axis is changed according to the actual length of the vitreous
cavity obtained from A-mode ultrasound measurements. The eye is
divided into six compartments or shells (thickness, 0.3 mm). Pin and
Pout indicate the inward and outward permeabilities of the blood–
retinal barrier, and Dp indicates the diffusion coefficient in the
posterior vitreous gel. (b) Schematic illustration of the fluorescein
movement between compartments. M is the fluorescein movement
between compartments per unit of time; V is the compartment
volume; r is the distance from the center of the vitreous cavity; S is
the surface area of the compartment.
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Cv (r,t)Cv (r, tDt) (MrDrMrDR):V(r)
(2)
where Cv is the fluorescein concentration in the com-
partment (g:ml); r is the distance from the center of the
vitreous cavity (cm); R is the axial length as measured
by ultrasonography (cm); Pin is the inward permeability
coefficient of BRB; Cp is the concentration of free
fluorescein in the plasma (g:ml); Pout is the outward
permeability coefficient of BRB; t is time (min); S is the
surface area of the compartment (cm2); M is the
fluorescein movement between compartments per unit
of time (g); and V is the compartment volume (ml).
Fluorescein movement between compartments per
unit of time (M) (Fig. 1b) is represented by the follow-
ing equations based on Fick’s first law, which is the
basic law regarding diffusion of substances:
M(RDr)
 [Cv (RDr, tDt)Cv (R, tDt)]S(RDr)
Dp(R)Dt:Dr (3)
M(rDr)
 [Cv (rDr, tDt)Cv (r, tDt)]S(r)Dp(r)
Dt:Dr (4)
M(rDr)
 [Cv (rDr, tDt)Cv (r, tDt)]S(rDr)
Dp(r)Dt:Dr (5)
where Dp indicates the diffusion coefficient of fluores-
cein in the vitreous cavity (cm2:min). The concentration
of the PUF versus time curve was calculated according
to the method that we previously reported (Yoshida &
Kojima, 1984), Cp(t)A eat, where A and a are con-
stants calculated using the two PUF measurements as
mentioned previously.
Based on this model, the dye kinetics in the vitreous
cavity were programmed into a computer and the Pin
and Dp values were estimated for each eye. To estimate
the Pin of the BRB, we adopted the values at 12
dispersed sampling points (Cv), utilizing serial VFP
measurements. All these VFP readings were corrected
for the baseline value. The purpose of the simulation
using this model was to determine unknown parameters
such as the Pin and Dp values. In estimating the Pin, the
Pout was set at 30 times the Pin for purposes of conve-
nience, because the Pout has little influence on the
fluorescein kinetics in the posterior vitreous for the first
2 h after fluorescein-Na injection (Ogura, Tsukahara,
Saito & Kondo, 1985). The unknown parameters such
as the Pin and Dp values were assumed by the computer
and the fluorescein concentration in the compartment
(Cv) were calculated using dye kinetics equations. To
minimize the differences between the measured poste-
rior values and the corresponding simulation estima-
tions, the value of each parameter was obtained using a
matrix search method. When the simulation was per-
formed, a value of the Pin was obtained by making
matrixes that had a certain interval. At the same time,
independent of the Pin search, a search for the Dp was
performed by making similar matrixes. Using this ma-
trix search method, a numerical pair consisting of a Pin
value and a Dp value was obtained with the condition
that the difference between the measured values and the
corresponding simulation values were minimized. Fol-
lowing this first trial, another matrix interval was estab-
lished around the value of the first. Simulation was then
performed again in the same way using this second
matrix. This process was repeated ten times, and the
final Pin value:Dp value pair was determined. The Unix
computer (FORTRAN language) was used in these
manipulations.
2.5. Statistical analysis
Analysis of variance (ANOVA) was used to compare
differences in optical refractions, corneal curvature, and
ocular components between the FD eyes and the un-
treated fellow eyes at four measurement periods. When
comparing Pin values, it was reported that the BRB
function is affected by blood velocity (Baetscher &
Brune, 1983) and plasma osmolarity (Tsuboi & Peder-
son, 1988); in addition, the minute effects of general
anesthesia on the BRB function are unknown. To
eliminate these factors that might affect the Pin, we
calculated a ‘Pin ratio’ by dividing the value of the FD
eyes by that of the untreated fellow eyes. ANOVA was
used to analyze the Pin ratio. To determine which
measurement periods were significantly different,
ANOVA was combined with Scheffe’s F-test. Differ-
ences were considered significant when the probability
value indicated a chance occurrence of less than 5%.
3. Results
3.1. Optical refractions
Data from refractive and ocular component measure-
ments are summarized in Table 1. Tree shrews devel-
oped myopia in the FD eye compared with the fellow
untreated eye. The refractive changes (FD eyes —
control eyes) (expressed in diopters) between, the base-
line measurement and each of the three measurements
made following FD were all significant (‘before FD’,
0.6790.72; ‘15 days after FD’, 4.3193.17; ‘30
days after FD’, 6.4193.41; and ‘45 days after FD’
8.1092.92) (ANOVA, PB0.001; Scheffe’s F-test, at
least PB0.05) (Fig. 2a). The refractive changes (FD
eyes — control eyes) that occurred between the ‘15
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Table 1
Ocular refraction and axial dimension measurements in form-deprived and untreated control eyesa
Baseline 15 days 30 days 45 days
Form-deprived Control Form-deprived Control Form-deprived Control Form-deprived Control
Ocular Mean 1.20 1.87 2.73* 1.59 3.95** 2.46 5.60** 2.50
refraction (D)
1.71 1.75 2.42SD 1.45 3.96 3.31 4.00 2.42
Mean 3.37 3.36 3.59 3.53 3.66Corneal radius 3.58 3.55 3.63
(mm)
0.13 0.18 0.21 0.26 0.15SD 0.24 0.20 0.46
Mean 1.07 1.07Anterior 1.04 1.051.04 1.07 1.06 1.07
chamber
depth (mm)
0.04 0.05 0.05 0.05 0.03SD 0.04 0.03 0.05
Mean 3.35 3.35 3.52 3.54 3.62 3.62Lens thickness 3.66 3.70
(mm)
0.10 0.12 0.12 0.12 0.08SD 0.06 0.07 0.08
3.05Vitreous Mean 3.11 3.12 3.19* 3.10 3.20** 3.04 3.23**
chamber
depth (mm)
SD 0.05 0.07 0.09 0.08 0.09 0.08 0.10 0.08
Mean 7.52 7.53 7.76* 7.67 7.88**Axial length 7.71 7.95** 7.80
(mm)
0.16 0.16 0.18 0.17 0.17 0.14 0.15 0.14SD
a Each group was composed of ten animals.
* Scheffe’s F-test: PB0.05
** Scheffe’s F-test: PB0.001.
days after FD’ and ‘45 days after FD’ data were also
significant (PB0.05).
3.2. Corneal cur6ature
No statistically significant differences were found in
corneal curvature changes (FD eyes — control eyes)
between the baseline measurement and subsequent mea-
surements following FD.
3.3. Axial dimensions of optical elements
No statistically significant changes (FD eyes — con-
trol eyes) in anterior chamber depth were observed over
the monitoring period. Although the lens tended to be
thinner in FD eyes at the 45-day time point, the
changes (FD eyes — control eyes) in lens thickness
over time were not statistically significant. The vitreous
cavity in the control eyes shortened during observation,
which agreed with previous reports (Marsh-Tootle &
Norton, 1989; Norton, 1990; McBrien & Norton, 1992)
(Table 1). For FD eyes, the vitreous chamber changes
(FD eyes — control eyes) between the baseline mea-
surement and the later measurements were all signifi-
cant (‘before FD’, 0.0190.03; ‘15 days after FD’,
0.109 :0.09; ‘30 days after FD’, 0.169 :0.08; and ‘45
days after FD’, 0.1890.04) (ANOVA, PB0.001;
Scheffe’s F-test, at least PB0.01) (Fig. 2b). Fig. 3
shows the relationship between the differences in refrac-
tive error (FD — control) and vitreous chamber depth
(FD — control); data obtained at 15, 30 and 45 days
after FD was induced were plotted. There was a signifi-
cant negative correlation between these two parameters
(r 0.713; PB0.01).
3.4. Inward BRB permeability
Fig. 4 shows the fluorescence curves before (solid
line) and 30 min after injection of fluorescein-Na (dot-
ted line). These patterns were similar to those obtained
with monkeys. Before FD was induced, the Pin ratio
(FD eye:control eye) was 1.0390.36. A statistically
significant higher Pin ratio was seen between 45 days
after FD compared with the baseline value (Pin ratio,
1.8690.63; ANOVA, PB0.01; Scheffe’s F-test, PB
0.05) (Fig. 5). No statistically significant differences
from baseline were found in Dp values at any time
point.
3.5. Fundus examination and fluorescein fundus
angiography
No manifest abnormalities were indicated by either
fundus observations or the results of fluorescein fundus
angiography in the FD and control eyes throughout the
observation period.
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4. Discussion
Various animals have been used to study experimen-
tal myopia, with chicks, monkeys, and tree shrews
being the most frequently studied. Each species has
advantages and disadvantages. For example, large
numbers of chickens can be used to obtain meaningful
statistical comparisons and to develop experimental
myopia in a short time. However, because chick sclera
is divided into cartilaginous and fibrous sclera, atten-
tion must be paid to this anatomic structure. Monkey
eyes are anatomically similar to human eyes, so using
monkeys as subjects should be advantageous. However,
the disadvantages of using monkeys are the expense
and difficulty of working with large animals. Further,
Fig. 3. Relationship between refractive error differences (FD eye-con-
trol eye) and axial length (FD eye-control eye) in FD tree shrews
after FD was induced. A statistically significant negative correlation
was found (Pearson’s correlation coefficient r 0.713, PB0.01).
Fig. 2. Differences in ocular refraction (a) and vitreous chamber
depth (b) between form-deprived (FD) and untreated fellow eyes in
tree shrews at four measurement time points. ANOVA revealed
statistically significant differences in ocular refraction (F13.4, PB
0.001) and vitreous chamber depth (F18. 5, PB0.001). Scheffe’s
F-test: * PB0.05, ** PB0.001 (A); * PB0.01, ** PB0.001 (B).
Error bars1 SD.
Fig. 4. Upper: Schematic representation of the blood–retinal-barrier
permeability measurement. Lower: Typical ocular fluorescence curves
in tree shrew eyes. Solid lines indicate the values before the fluores-
cein-Na injection (autofluorescence); dotted line indicates 30 min after
the fluorescein-Na injection.
much more time is required to induce experimental
myopia in monkeys, which makes it difficult to deter-
mine the effect of aging on experimental myopia. Using
tree shrews, we can induce experimental myopia in a
much shorter time, so it also may be possible to investi-
gate the confounding effects of aging on experimental
myopia. In the present study, we induced FD myopia
using translucent occluders, which do not touch the
cornea and thus we were able to avoid the corneal
curvature changes produced by the alternative lid-su-
ture methods of FD.
In the present study, the FD eyes became axially
elongated and myopic compared with the fellow un-
treated eyes. Our findings of increased vitreous chamber
elongation and myopia resulting from FD induced by
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an opaque contact lens agree with previous studies of
experimental myopia in the tree shrews (Marsh-Tootle
& Norton, 1989; Norton, 1990; McBrien & Norton,
1992). In addition, we clarified for the first time the
relation between the BRB function and development of
experimental myopia for the tree shrews as a model of
experimental myopia. The results of the present study
show that the inward permeability of the BRB increases
as eyes become myopic. These results agree with our
previous clinical report (Yoshida & Hosaka, 1986) and
indicate that the myopic changes may cause
impaired retinal function based on BRB permeability.
However, because the BRB changes were found only
after the onset of myopia in the present study, this
suggests that the abnormal BRB function is secondary
to the development of myopia rather than the cause of
myopia.
The BRB consists of inner and outer components.
The main structures involved are, for the inner compo-
nent, the endothelial membrane of the retinal vessels,
and for the outer component, the retinal pigment ep-
ithelium (RPE). In this physiologic study, structural
observations using the electron microscope were not
made, so we could not determine which component was
primarily affected. However, changes in the RPE have
been reported in experimental myopia in chicks (Lin,
Grimes & Stone, 1993) and quakka (Fleming, Harman
& Beazley, 1997). Similar changes in the tree shrew may
be involved at least partially here. Seko et al. reported
that the RPE acts on the sclera to regulate ocular
growth in vivo (Seko, Tanaka & Tokoro, 1994). One
possible mechanism is that the RPE, which functions as
part of the BRB but is responsible for transport and
metabolites, might transform the retinal visual signal
into a growth-related signal (Rohrer, Spira & Stell,
1993; Guo, Sivak, Callender & Diehl-Jones, 1995). It
has been speculated that retinally-derived signals might
modulate the sclera and regulate ocular elongation
(Wallman, Gottlieb, Rajaram & Fugate-Wentzek,
1987a; Wallman, 1990; Norton, 1990; McBrien & Nor-
ton, 1994). One important role of the RPE as
a component of the BRB is maintaining the appropriate
ionic condition for neural activity (Peterson,
Meggyesy, Yu & Miller, 1997). In the present study, a
BRB function such as passive transport may
be impaired. We previously reported that an active
transport mechanism in the BRB is also impaired in
experimental myopia (Yoshida et al., 1996).
These results indicate that the BRB in myopic
eyes tends to leak substances from the blood to the
retina more than in emmetropic eyes, and it
has an impaired active transport mechanism for
moving substances from the retina into the blood.
Thus, this disruption of homeostasis might indirectly
affect either retinal visual responses or a growth re-
sponse. In addition, BRB function might induce
changes in retinal metabolism. Several studies have
reported that abnormal retinal metabolism already ex-
ists before chorioretinal degeneration is observed in
high myopia (Blach, Jay & Kolb, 1966; Silverstone,
Berson, Seelenfreund & Mendelsohn, 1983; Horio,
Miyake & Horiguchi, 1996). Thus, we speculate that
the disruption of homeostasis caused by abnormal BRB
functioning, while not precipitating the onset of my-
opia, might accelerate its progression or influence the
chorioretinal degeneration observed in human myopic
eyes.
Recently, new findings regarding choroidal thickness
changes in experimental myopia have been reported
(Wallman, Wildsoet, Xu, Gottlieb, Nickla, Marran et
al., 1995; Wildsoet & Wallman, 1995; Nickla, Wildsoet
& Wallman, 1998; Papastergiou, Schmid, Riva,
Mendel, Stone & Laties, 1998). In these reports,
changes in choroidal thickness during both the develop-
ment of and recovery from experimental myopia are
described. In the present study, we could not determine
the choroidal thickness. Wallman et al. (1995) specu-
lated that the choroid itself mediates the scleral re-
sponse; those authors also speculated that the RPE
regulates choroidal thickness. Thus, although our work
has not shown the relation between choroidal thickness
and the BRB, including the RPE, the alterations in the
BRB as reported in the present study might affect
choroidal thickness. Further investigation is needed to
clarify this point.
In conclusion, the results obtained in the
present study on tree shrew eyes provide important
information that can improve our understanding of
BRB function and its implication in the development of
myopia.
Fig. 5. The Pin ratio (value for FD eyes divided by that for control
eyes). ANOVA revealed a significant difference in the Pin ratio at four
measurement points (F3.97, PB0.015). * Scheffe’s F-test indicates
the difference between the baseline value and the measurement 45
days after FD to be significant (P0.03). Error bars 1 SD.
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